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Abstract.
Winds blown from collapsar accretion disks may produce observable stellar explosions independent of
any GRB-(and afterglow)-producing jets which may be simultaneously produced. The production of winds is
controlled by the accretion disk physics, in particular, the nature of disk cooling via neutrino emission and photo-
disintegration of heavy nuclei. These temperature-dependent processes depend on the stellar angular momentum
via the depth of the gravitational potential at the Kepler radius where the disk forms. Wind-driven stellar
explosions which do not make a GRB (or only a faint one) may occur and constitute a new class of supernova
explosion. SN1998bw and 1997ef may be examples. A key feature of collapsar winds is that they are capable
of producing the radioactive 56Ni necessary to power a supernova light curve. It is possible to make a GRB in
a star without significant production of 56Ni. Such a star would not make an observable supernova and no such
component would be expected in the light curve of the optical afterglow.
INTRODUCTION
Simulations of the collapse of massive rotating stars indi-
cate the viability of rotating stellar collapse (collapsars)
as the central engine for the long duration gamma ray
bursts[1][2].
Collapsars form dense accretion disks (ρ & 109 gm
cm 3) which are extremely optically thick to photons
(τγ  1019). As the stellar gas spirals through the disk,
photons are trapped and accrete with the gas. This is in
distinction from “thin”accretion disks in which photons
are assumed to escape to infinity carrying away the lo-
cally dissipated energy. Since photons are trapped, vis-
cous dissipation of orbital energy increases the disk en-
tropy, pressure gradients are important for the force bal-
ance and the disk is “thick.” Such non-radiating accretion
flows are capable of ejecting gas away from the black
hole [3, e.g.]. Accretion in these disks is inefficient with
significant fractions of the gas supplied at large radii be-
ing ejected from the system.
An important feature of collapsar disks, is the realiza-
tion at sufficiently high accretion rates ( ˙M  0:1M

s 1)
of temperatures (T  1010 K) and densities (ρ 109 gm
cm 3) at which the loss of thermal energy to neutrino
emission and photodisintegration of heavy nuclei allows
for accretion with a range of efficiency.
WINDS
MacFadyen & Woosley 1999 showed that collapsar disks
eject comparable amounts of material in a wind as is ac-
creted by the central black hole. The fraction of accreted
gas depends on the efficiency of neutrino cooling at re-
moving entropy from the accreting gas. The remainder is
ejected from the black hole as an outflowing wind. Re-
cent semi-analytic work [4] has mapped the parameter
space of inefficient neutrino-cooled accretion in agree-
ment with detailed calculations of [1] for limited param-
eters.
Of particular interest in the case of collapsars is the
chemical composition of the wind. Collapsar disks are
hot enough to completely photodisintegrate heavy nuclei
to free nucleons (neutrons and protons). Recent simu-
lations [5] and [1] show expulsion of free nucleon gas
in the wind. This is important for two reasons: 1) en-
ergetics: free nucleons combining to iron group nuclei
(e.g. Nickel-56) release 8 MeV/nucleon or 1:51052 erg
per solar mass of recombined material. 2) observability:
this ejected material provides a long term energy supply
to the explosion (through radioactive decay of 56Ni) en-
abling the gas to shine on time scales of months.
LIGHT CURVE
Models of the light curve of the energetic and pecu-
liar Type Ibc supernova SN1998bw require large quan-
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tities of 56Ni (M(56Ni)  0:5M

) [6][7]. Conventional
models require large explosion energies to produce suf-
ficient nickel and fit the light curve. In addition abnor-
mally high expansion velocities were inferred from the
unusual spectrum indicating a large explosion energy
( 1052 erg). Several groups have also interpreted devi-
ations from power law decay of GRB optical transients
as supernovae light curve components and have matched
them with appropriately shifted 1998bw light curves [8,
e.g.].
Since supernovae are invoked to interpret these ob-
servations it is important to note that a stellar explo-
sion (e.g., jets piercing a star) is not necessarily a super-
nova. Supernovae, as an observable phenomenon, require
a persistent source of energy input to power a light curve
for long times (weeks to months). It is necessary to make
56Ni in the explosion so that radioactive decay (to Cobalt
to Iron) injects energy into the gas so that it can shine.
Lacking a persistent source of energy input, a stellar ex-
plosion would be unobservable via electromagnetic ra-
diation. Explosion energy released in the optically thick
star would simply be converted to expansion kinetic en-
ergy with little or no light emitted.
In conventional core collapse supernovae some nickel
is thought to be produced via explosive nuclear burning
behind the explosion shock. However, current models
for these “delayed” supernova explosions have trouble
producing the 1051 erg for a normal supernova (in fact,
some current models fail to get any explosion at all!)
and are unlikely to be capable of producing the higher
energies required for 1998bw.
ANGULAR MOMENTUM
As we have seen, neutrino cooling and photodisinte-
gration of heavy nuclei are crucial for allowing gas to
accrete efficiently. The neutrino cooling depends sensi-
tively on temperature (e.g., Q ν ∝ T 6 for neutrino losses
due to pair capture on free nucleons) and therefore
on the radius where the disk forms. This radius is, in
turn, dependent on the angular momentum of the ac-
creting gas with the disk first forming at the Kepler ra-
dius Rkep  j2=GM = 2:5 107 j217M 13 cm, where j17
is the specific angular momentum of the accreting gas
in units of 1017 cm2 s 1 and M3 is the mass of the
central black hole in units of three solar masses. The
virial temperature for gas falling to its Kepler radius
Tvir = GMmp=3kBRkep = 3:31010M23 j 217 K, where mp
is the proton mass and kB is the Boltzmann constant. In
terms of gravitational radii, RG  GM=c2, this temper-
ature is Tvir = mpc2=3kBr = 1:8 1012r 1 K (assum-
ing a Newtonian potential), where r  R=RG. We see
that gas with j17  1 is heated to above 1010 K so that
it is fully photodisintegrated to free neutrons and pro-
tons from it’s original composition of Silicon, Oxygen
and Helium. This means that capture of electron-positron
pairs onto the free neutrons and protons serves as an effi-
cient neutrino emission process which cools the gas and
helps it to accrete efficiently. Gas with j17 & 2:6, how-
ever, heats to less then 5 109 K. At these lower tem-
peratures the heavy nuclei fail to photodisintegrate and
pair capture neutrino cooling is suppressed. This gas is
therefor poorly cooled and subject to being driven from
the disk.
It is worth noting that gas with 1 . j17 . 2:6 is par-
tially photodisintegrated. Photodisintegration acts as a
loss for thermal energy for the gas and thus is effectively
a cooling process, robbing about 1019 erg of thermal en-
ergy from every gram of photodisintegrated nuclei. This
process helps the gas to accrete and provides free nucle-
ons which enhance the neutrino cooling.
The above discussion assumed M3 = 1 though the
scaling with M3 is apparent.
THE AFTERBURNER
Interestingly, energy lost to photodisintegration becomes
available again if the gas is ejected from the disk and
begins to reassemble.
Effectively, gravitational energy is temporarily stored
in the freeing of nucleons from the heavy nuclei. These
nucleons are volatile in the sense that the have a huge
nuclear energy source if they manage to escape the en-
ergetic photons trapped in the (optically thick) accretion
disk. Accretion physics may provide the nucleons with
opportunity to escape the disk’s nuclei-disintegrating
photon bath. Once free they can quickly recover nu-
clear binding energy by reassembling into iron group el-
ements. This process can be explosive since the nuclei
may recombine in seconds compared to millions of years
it took them to assemble (burn) the first time around dur-
ing the slower pre-explosion nuclear burning stages. In
fact the reassembly, plus the kinetic luminosity of the
disk wind, may power extremely energetic explosions.
SN1998bw may be an example.
GRB WITH SUPERNOVA
The collapsar model relies on rapid accretion into the
central black hole to power relativistic jets which pierce
the star and make a GRB and afterglow via internal
and external shocks. It is notable that for an interesting
range of angular momentum the accretion of the star
simultaneously feeds the black hole rapidly and powers
a wind [1].
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FIGURE 1. Cross section of a collapsar accretion disk feeding a stellar mass black hole (center). The disk is embedded in a
collapsing star that is falling onto the disk at rates above 0.1M

s 1. A wind (the striped region in the upper right) is blown from
the collapsar disk at speeds of up to  40;000 km s 1. The wind is composed of free neutrons and protons which can recombine
to iron group elements injecting 1:5 1051 erg per 0:1 M

of reassembled nucleons. 56Ni in the wind can power a long term
“supernova” light curve via radioactive decay of nickel and cobalt. The black solid arrows indicate the velocity of the gas flow
while the thick dashed lines represent neutrino emission. The wind is shown only in the upper right quadrant for clarity but is in
reality present in all four quadrants.
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There are three interesting regimes determined by the
angular momentum present in the collapsing star:
The following values of angular momentum corre-
spond to important transition radii in the accretion flow:
jisco angular momentum of the innermost stable cir-
cular orbit. This is the minimum angular momentum
needed to form a disk around a black hole.
jν angular momentum of gas that falls deep enough in
the gravitational potential to photodisintegrate the heavy
nuclei to free nucleons activating pair capture neutrino
emission as an efficient coolant.
jγ angular momentum of gas that falls deep enough to
cool partially. Some gas accretes and some is expelled in
a wind. The relative amount depends on the exact value
of j
1. jisco < j < jν - efficient neutrino cooling allows
rapid accretion into black hole with plenty of power po-
tentially going into jets with little or no outflows ex-
pected. This kind of star would not be expected to pro-
duce a bright supernova since little or no 56Ni is expected
to be present in the exploding star. A possible caveat is
that there is some nickel production via explosion burn-
ing in the lateral jet shock but the temperature is low in
this region and not much mass is involved.
2. jν < j < jγ - some gas accretes and some is ejected
in a wind rates can be comparable depending on j. This
can make both a GRB and a “supernova”
3. j > jγ Gas doesn’t cool efficiently so doesn’t feed
the hole rapidly. Not good for making an accretion pow-
ered GRB. Outflows may results with some recombina-
tion nickel possible if some gas is heated above 5 109
K by a combination of virialization and viscous dissipa-
tion. Of interest here is explosive burning of centrifugally
supported oxygen.
A less interesting regime is j < jlso for which the
gas falls directly to the innermost stable circular orbit
without forming an accretion disk.
Note that electromagnetic extraction of black hole
spin energy is a possible source of jet energy even for
“slowly” accreting black holes. Convective motions may
even be favorable for building up large magnetic fields
needed to extract the hole spin energy.
VISCOSITY
The above scenario assumes significant viscosity in the
disk gas corresponding to a Shakura-Sunyaev alpha vis-
cosity parameter & 0:1. The temperature and density of
the disk wind and hence the nucleosynthesis depend on
the disk viscosity. Observations of of the supernova pow-
ered by a collapsar wind may help to constrain the vis-
cosity of the collapsar accretion disk.
WORK IN PROGRESS
Detailed hydrodynamical simulations of the disks and
winds described here using the FLASH code are cur-
rently underway.
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